Abstr&---A general valence force field for secondary chlorides has been refined which includes torsional force constants based on assignments of low frequency modes in model compounds. This force field also incorporates force constants related to observed intermolecular interactions. The good agreement between observed and calculated frequencies indicates that this force field will be useful in studying the conformation of secondary chlorides.
The well-established correlation in secondary chlorides between the frequency of the carbon-chlorine stretching vibration and the rotational isomer, and the availability of general valence force fields for hydrocarbons [7] and primary chlorides [S] , formed the bases for the development of the original valence force field for secondary chlorides [l] . The lack of far infrared data, however, made if impossible to include force constants for the calculation of torsional modes in the refinement procedures used to develop these force fields. Relevant far infrared and Raman data for some model secondary chloride molecules are now available. We have already reported the assignment of these spectra, and have developed the force field necessary for the calculation of vibrations due to internal rotation [9] . We report here a complete general valence force field for secondary chlorides.
The spectral region of C-Cl stretching in secondary chlorides, 500-700 cm-l, is highly diagnostic of local structure, because this vibration is relatively intense, is sensitive to the type of atoms trans fo the chlorine atom across adjacent C-C bonds, is sensitive to the geometry of the carbon chain, and takes place in a spectral region which except for the C-Cl stretching vibrations themselves is relatively clear of other absorptions. The notation used here to describe molecular geometry relative to the chlorine atom or atoms is that suggested by DOSEO&LOVA et al, [6] . This notation parallels that of SEIPMA~ et al. [lo] : an S for secondary chlorines with subscripts to designate the type of atom trans to the chlorine and primes on these subscripts to indicate rotation away from the planar zig-zag conformation. However, instead of the Sn, or Snn notation, we now use nSc or uSu. The left hand subscript is used to describe the geometry to the immediate left of the chlorine atom. Similarly, the right hand subscript describes the molecular geometry to the right of the chlorine atom. In the simpler secondary chlorides, e.g. Z-c~oropropane, Z-chlorobutane, and 3-ohloropentane, the old notation is certainly adequate. However, in the tri-substituted heptanes this new formalism can be compounded to designate unambiguously the molecular conformation with respect to all chlorine atoms present, e.g. nSHHSncSn. When tetrahedral geometry is assumed, any rotation around a given carbon-carbon bond is meant to imply a rotation of f 120* from the planar zig-sag conformation. Using the notation described above, the emp~ically determined C-Cl stretching frequencies can be assigned as a function of molecular geometry in the neighborhood of the chlorine atom [lo] .
Recently, on the basis of a study of rotational isomeric structures of monohalidesubstituted derivatives of n-pentanes and n-octanes, GATES et al. [ll] stated that some of these assignments needed modification. Although an in-depth study of this work is only partially completed, from a com~rison of these results with those reported by BENEDETTI and CECCHI [12] on Z-iodobutane and with our studies of secondary chlorides, two conclusions can be reached : (1) the characteristic frequency of the C-X stretching vibration (X = chlorine, bromine, or iodine) when the halogen is adjacent to a methyl group (as in 2-halogeno-butane, or 2,4 dihalogenopentane) does differ somewhat from the chara~te~stic frequency of this stretching vibration in molecules like 3-chloropentane, 3-chlorooetane, etc. in which the halogen atom is between two methylene groups (see section on 3-chloropentane); (2) in going from chloro-to bromo-to iodo-substituted hydrocarbons, the region of C-X stretching moves from 500-700 cm-l in the case of the chlorine-substituted derivatives to 486-580 cm-l in the case of the iodine-substituted hydrocarbons. For 2-c~orob~tane the C-Cl stretc~g modes contribute only relatively small amounts to the potential energy distribution of the C-C-C bending, C-C-Cl bending, and torsional modes. However, for 2-iodobutane this is not so. In uSu 2-iodobutane, C-I stretching contributes 31 per cent to the potential energy distribution of an absorption due mainly to bending at 265 cm-l. Moreover, in the &Jc rotational isomer of 2-iodobutane, the C-I stretching vibration contributes 57 per cent to the potential energy ~stribution of a similar bending mode at 270 cm-l [12] . This indicates that the atomic motions differ considerably according to the particular halogen which is present. Therefore, the assignment of bands in this region through the correlation of frequency shifts for different halogenated paraffins is a risky business. We therefore still use the empirical data of SEIPMA~~ et al. [lo] as a guide in the assignments of the fundamental vibrations of chlorinated hydrocarbons.
[lo] J. J. SHIPMAN, V. L. FOLT and S. &XEVS, Spectrochim. Acta l&1603 (1962 23A, 2043 (1967) .
[12] E. BENEDETTI and P. CICCHI, Spectrochim. Acta 28A, 1007 (1972 .
DEVELOPMENT OF FORCE FIELD
OPA,YKAR and KRIMM [l] previously reported a force field for secondary chlorides which predicted well most of the normal modes of a group of model secondary chloride compounds and related polymers. However, their force field did not include any torsional force constants. In this study, our aim was to develop a force field which predicted torsional frequencies as well as those due to all other vibrational modes, and which reproduced the intermolecular interaction reported by WARRIER and KRIMM [13] . Initially, our force field was a composite of the most recent potential function for hydrocarbons reported by SNYDER [la] and the force field for secondary chlorides developed by OPASKAR and KRIMM [I] , together with provisions for new torsional force constants and additional elements required to calculate vibrational frequencies of intermolecular normal modes. This force field was used to temporarily assign all new far infrared and Raman data on 2-chloropropane, 2-chlorobutane, and the two stereoisomers of 2,4dichloropentane. The results of this study are reported in the previous paper [9] .
In order to obtain agreement with the observed spectra, a small modification had to be made in the hydrocarbon part of the force field. In the vibrational spectrum of 2-chloropropane, there are two CH, bending modes, one symmetric and one antisymmetric. The portion of the potential function which was transferred from the n-paraffins determines the calculated frequencies of these bending vibrations. The initial normal coordinate calculations on 2-chloropropane predicted the antisymmetric umbrella vibration to be of higher frequency than the symmetric one. However, according to the data used by OPASKA~ and KRIMM [l] and KLABOE [3] , the higher frequency band, which was observed at 1385 cm-l in liquid 2&loropro-pane, has all of the characteristics of a symmetric, A', vibration : (a) its infrared gas phase spectrum has a strong central maximum with a weaker peak on each side of the central one [15] ; (b) it is the more intense band in the Raman spectrum (the 1374 cm-l band not even being observed) ; (c) it is polarized in the Raman spectrum. In order to more accurately calculate the relative frequencies of the A' and A" umbrella vibrations in the CH, groups, the diagonal force constant, H,, for C-C-H bending, and the interaction force constant, fa, between two such bendings in the same methyl group were allowed to vary. Although this violated the initial philosophy of our study, i.e. to maintain at a constant value all force constants which were transferred from the n-paraffin force field, we felt this to be justified because these constants were also found to predict inaccurately the relative values of the symmetric and antisymmetric umbrella modes in propane. GAYLES and KINQ [16] observed the infrared spectra of propane and its deuterium substituted derivatives and used the method of BADGER and ZUMWALT [15] , and the GERHARD-DENNISON [17] analysis of the asymmetric rotor, to assign the observed fundamental frequencies. In this study the A, umbrella vibration of propane was found to occur at 1391.9 cm-l and the B, vibration at 1378 cm-l. With H, and f ,, unchanged, the A, mode in propane is calculated at 1370 cm-l and the B, mode at 1382 cm-l [14] .
The new refined values of H b and f B predict the A, umbrella vibration in propane at 1386 cm-i and the B, mode at 1372 cm-l. Similarly in 2-chloropropane with the new H, and f p, the symmetric umbrella vibration observed at 1385 cm-i is now calculated at 1386 cm-l, and the antisymmetric vibration, which is observed at 1374 cm-l is now calculated at 1379 cm-l.
The existence of a specific intermolecular vibration in secondary chlorides which involves the C-Cl bond, i.e. a C-Cl. . .H-C interaction, has been strongly suggested by experimental evidence [ 13, 18, 19] . The force field reported here includes stretching and bending force constants to describe such an intermolecular interaction.
Prior to this work, the 2,4dichloropentanes have been studied extensively [l, 5, 20,211 because they are excellent model compounds of the poly(viny1 chloride) polymers. Under the assumption of tetrahedral geometry and staggered molecular conformation, each of the two stereoisomers of 2,4-dichloropentane can assume six unique rotational conformations. Theoretically each stereoisomer exists as a mixture of all six of its own rotational isomers. By investigating the C-Cl stretching spectra of these molecules, SHIMA~OUCHI and TASUMI [2] concluded that the DL form of 2,ddichloropentane existed mainly in the TT form and that the meso form was so dominated by the TV conformation that infrared spectra contained no observable absorption due to other conformations. We have found this not to be true. Attempts to explain the infrared, Raman, and NMR spectra of the 2,Cdichloropentanes on the basis of only the most prevalent structures have failed [5, 211. In this study, observed bands in the far infrared at 150 cm-l in DL-and at 160 cm-l in meso-2,4-dichloropentane could not be predicted by means of normal coordinate analyses of the preferred conformers. TASUMI et al. [4] were unable to predict bands in the vicinity of 180 cm-l for PVC. These bands and their assignment to less prevalent conformations will be discussed in a subsequent publication.
The final force field was obtained by a refinement of 42 force constants to predict over 90 observed frequencies of chloropropane, nSn and nSo 2-chlorobutane, the nSn nSn form of DL-2,4dichloropentane, and the nSu oSn form of meso-2,4-dichloropentane. The final refined force field is given in Table 1 .
MODEL COMPOTJNDS USED IN REBINEMENT PROCEDURE

2-Chloropropane
By using the theory of BADGER and ZUMWALT [15] , OPASKA~ and KRIMM [l] analyzed the symmetry of the absorption bands of the gas phase infrared spectrum of 2-chloropropane, and with the aid of normal coordinate analyses assigned these observed bands. The results of using the force field of Table 1 in a normal coordinate analysis of 2-chloropropane are given in . . H-C C-Cl.
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frequencies are better (especially in the region below 600 cm-l) than that previously obtained [l] . This improved agreement is due to the inclusion of torsional modes and to the actual refinement of the secondary chloride force field. For S-chloropropane, as well as for the other secondary chlorides which were studied, the correlation between observed and calculated frequencies in the regions of methyl bending and rocking was inferior to that in other spectral regions. This suggests that the force constants which were transferred from the potential field for hydrocarbons could be refined to predict more accurately CH, bending and rocking modes in secondary chlorides.
%Chlorobutane
The dependence of the C-Cl stretching frequencies on structure, and the use of this relationship to identify the presence of various molecular conformations, is exemplified in the spectral assignments for 2-chlorobutane [I] . Observations of the infrared spectra of %chlorobutane at room and at low temperatures indicate that the 607 cm-1 carbon-chlorine stretching frequency increases in intensity at low temperatures,
The behavior of this frequency, which is uniquely associated with the uSu conformation of 2-chlorobutane, is assumed to be characteristic of all absorption bands associated with this rotational isomer.
Therefore, following the logic for assignments used by Opaskar and Krimm, all observed bands whose intensities increase at low temperatures were assigned to the uSn form of 2-chlorobutane. Table 3 gives the observed spectrum of 2-chlorobutene, its behavior with respect to temperature, and the corresponding band assignments. The calculated potential energy distributions are reported in Table 4 . The frequencies of the uSH' rotational isomer were not used in the refinement procedure. Throughout this investigation, tetrahedral geometry and staggered conformations were assumed. These are popular, although arbitrary, assumptions. We know [22] that the C-C-C angle in secondary chlorides is closer to 112' than to the 109'28' associated with tetrahedral geometry.
In the most recent refinement of the force field for n-paraffins [14] , the value of the dihedral angle for gauche C-C bonds was set at f67".
The discrepancy between the observed frequency (627 cm-l) of the C-Cl stretching vibration in uSH3 2-chlorobutane and the calculated value (642 cm-l) reflects the inaccuracies in the staggered approximation and in the tetrahedral configuration.
To demonstrate the sensitivity of the carbon-chlorine stretching frequency to torsion angle in the uSn~ isomer of 2-chlorobutane, the C-Cl stretching frequency is plotted in Fig. 1 as a function of 7, the dihedral angle. This figure clearly shows that a 10' change in torsion angle changes the C-C1 stretching frequency in the uSH' isomer by approximately 1'7 cm-l. At the same time the frequencies of C-Cl stretching vibrations in the uSu and uSc isomers are relatively insensitive to variations of f 10" in the dihedral angle. Besides the assignments of the far infrared absorption spectra of 2-chlorobutane, the assignments of the observed bands at 1297 and 1286 cm-l differ from the assignments of OPASKAR and KRIMM [l] . These bands, which were both reported not to change in relative intensity upon cooling, were each assigned to both the nSH and &5'o isomers. We have assigned the band at 1286 cm-l to the &JH and nSH' isomers and the 1297 cm-l band only to the nSH conformation.
Our assignments were made ( solely on the basis of the results of the 2-chlorobutane normal coordinate analyses and the force field refinement. However, a very recent investigation by BENEDETTI and CECCHI [12] lends support to this assignment. Benedetti and Cecchi observed both the liquid and crystalline phase spectra of 2-chlorobutane. These spectra show that upon cooling the bands at 1297 and 1286 cm-l increase in intensity. The intensity enhancement is greater at 1297 than at 1286 cm-l. This temperature dependence suggests two things: (1) not all of the isomers present in liquid 2-chlorobutane contribute to the absorptions at 1286 and 1297 cm-l; (2) the combination of isomers which contribute to the band at 1286 cm-r is different from that which contributes to the 1297 cm-l band. With the assignment of the absorption at 1286 cm-l to both the uSu and uSH, isomers, the intensity of this band would be expected to increase less at low temperatures than that of the 1297 cm-1 band, which at room temperatures has contributions only from the nSH isomeric form.
2,4-Dichloropentane
The S n u nSu form of syndiotactic DL-2,4dichloropentane and the nSH oSu form of isotactic meso-2,kiichloropentane were also included in the least squares refinement. Results of normal coordinate calculations, and observed frequencies, are given in Tables 5 and 6 . Table 6 . Observed and calculated frequencies (in cm-l) and potential energy distributions of TT conformer of DL-2,4-dichloropentane Table 6 . Observed and calculated frequencies (in cm-l) and potential energy distributions of TB' conformer of meso-2,4-dichloropentane the Raman band at 1415 cm-l unassigned. In 2,4dichloropentane, 2,4,6-trichloroheptane, and in poly(viny1 chloride), bands appear at approximately 1427 cm-l. Strong absorption between 1447 and 1460 cm-l is present in the spectra of all secondary chlorides. We assign this strong unresolved absorption to asymmetric methyl bending modes which occur in the same general region in the n-paraffins. The bands in the region around 1430 cm-l have been assigned to the HCH scissors fundamental of the methylene group. This assignment is verified by observing the spectra of poly(viny1 chloride), in which effects of methyl bending are not present [25] .
MODEL COMPOUNDS NOT USED FOR FORCE FIELD REFINEMENT
To establish the validity of the force field, it was used to calculate the normal frequencies of 3-chloropentane, axial and equatorial monochlorocyclohexane, and several rotational isomers of each of the stereochemical forms of 2,4,6-trichloroheptane. Detailed assignments of the observed absorption spectra of the stereoisomers of 2,4,6_trichloroheptane will be discussed in a subsequent publication.
The results of normal coordinate calculations of equatorial and axial monochlorocyclohexane parallel those previously reported by OPASKAR and KRIMM [l] . The oSc carbon-chlorine stretching frequency at 728 cm-l in the equatorial form is calculated at 722 cm-r. The two observed absorptions at 557 cm-l and at 683 cm-l in axial monochlorocyclohexane are both C-Cl stretching bands. This splitting of nSH8 C-Cl stretching was previously predicted [l] . Although we calculate a splitting, viz. 543 cm-r and 705 cm-l, the higher frequency does not agree well with the observed band at 683 cm-l. The CH,-CHCl-CH, environment was not present in any of the model compounds used in the refinement process. As a result, the force field was not refined to a nSHO C-Cl stretching frequency. Moreover, in 2-chlorobutane, the frequency of the uSn' C-Cl stretching vibration was found to be very sensitive to small variations in the dihedral angle around the gawhe C-C bond. The discrepancy between the observed (683 cm-l) and calculated (705 cm-r) frequencies could presumably result from both of these factors.
3-Chloropentane
At room temperature, 3-chloropentane is considered to exist as a mixture of four rotational isomers, i.e. nSn, &'u, uSn~, and &Jr+ The results of our calculations are given in Tables 7 and 8. SHIPMAN et aZ.
[lo] and CARACULACU [26] independently studied the isomeric composition of 3-chloropentane by correlating the observed spectra in the region of the C-Cl stretching vibrations, 590-750 cm-l, with the rotational isomers believed to be characteristic of them. The study by Caraculacu included complete infrared and Raman spectra for liquid and solid phases of 3-chloropentane. In the region of the C-Cl stretching vibrations, a band observed at 606 cm-l, which is assignable only to uSn C-Cl stretching, persists in the solid state Raman and infrared spectra. As in 2chlorobutane, the behavior of this band was assumed to be characteristic of [26] #. CARACIJLACU, J. ~TOBX and B. SCHNEIDER, Collection Czech. Chem. Commun. 29, 2783 (1964 .
3 Table 7 . Observed and calculated frequencies (in cm-l) of 3-chloropentane approximately 80 and 72 cm-l for both liquid and solid phase samples of 3-chloropentane. These bands are assigned to the CH,--CHCl torsions of nSn 3-chloropentane, which are calculated at 82 and 66 cm-l. The excellent correlation which exists between the assignment of this torsion in 2-chlorobutane (observed at 77 cm-l, calculated at 83 cm-l) and the assignment in 3-chloropentane confirms the choice of the CH,--CHCI torsional force constant. In the region of the spectrum between 990 cm-l and 1070 cm-l three separate bands are observed and either three or four frequencies are predicted for each isomer. Specific assignments in this region are not made. The band observed at 1019 cm-l decreases in strength when observed in the solid state. Its assignment [26] to the nSn isomer is considered questionable. Although three frequencies are predicted in this region for the nSn conformation, none of the observed bands in this region displays the enhancement of infrared and Raman intensities which is assumed to be characteristic of the fundamental frequencies of the nSn isomer. In the region of 1310-1350 cm-l the same general features prevail. Any specific assignments would be pure conjecture. CONCLUSIONS
We have refined a complete valence force field which effectively predicts the normal vibration frequencies of a group of secondary chlorides and related polymers. This force field, which includes elements relating to torsional and intermolecular vibrations, was obtained by using tetrahedral geometry and staggered conformations. The good agreement between observed and calculated frequencies encourages us to believe that this force field can be used in conjunction with energy calculations to give specific answers to questions concerning molecular configuration and conformation in secondary chlorides. The force field also satisfactorily predicts intermolecular frequencies which will be discussed in detail in a subsequent paper [ 191. 
